metal matrix nanocomposite (MMNC) is a promising high performance material with potential applications in various industries, such as automotive, aerospace, and defense. Al 2 O 3 nanoparticles dispersed into molten Al using ultrasonic cavitation technique can enhance the nucleation of primary Al phase to reduce its grain size and modify the secondary intermetallic phases. To enable a scale-up production, an effective yet easy-to-implement quality inspection technique is needed to effectively evaluate the resultant microstructure of the MMNCs. At present the standard inspection technique is based on the microscopic images, which are costly and time-consuming to obtain. This paper investigates the relationship between the ultrasonic attenuation and the microstructures of pure A206 and Al 2 O 3 reinforced MMNCs with/without ultrasonic dispersion. A hypothesis test based on an estimated attenuation variance was developed and it could accurately differentiate poor samples from good ones. This study provides useful guidelines to establish a new quality inspection technique for A206-Al 2 O 3 nanocomposites using ultrasonic nondestructive testing method.
Introduction
Recently, there has been a growing market for high performance lightweight materials, especially in the automotive, aerospace, and defense industries. Aluminum-copper alloy A206 has a chemical composition of Al (93.5-95.3%), Cu (4.2-5.0%), Fe ( 0.1%), Mg (0.15-0.35%), Mn (0.2-0.5%), and Ti (0.15-0.3%). It offers superior mechanical properties with excellent high strength at both room and elevated temperature and long fatigue life [1] . However, due to its long solidification range and the formation of a long continuous intermetallic phase, A206 alloy is extremely susceptible to hot tearing in the casting process, which limits its widespread applications [1, 2] .
A206-Al 2 O 3 MMNCs provide a promising solution to improve hot tearing resistance [1] . The A206-Al 2 O 3 MMNCs are fabricated by dispersing nanosized Al 2 O 3 particles into the A206 metal matrix using the ultrasonic cavitation method during the liquid phase and then casting into required solid shape [3] [4] [5] [6] [7] . The welldispersed Al 2 O 3 nanoparticles in A206 work have heterogeneous nucleation agents which could significantly reduce the grain size of a-Al and refine the h-Al 2 Cu network, thus reducing the hot tearing susceptibility and enhance the mechanical properties, e.g., strength and ductility [8] .
The amount and distribution of Al 2 O 3 in A206 play a significant role in grain refinement and eutectic morphology modification [1, 9] . Due to their high surface energy, large surface-tovolume ratio, and poor wettability in liquid, Al 2 O 3 nanoparticles tend to agglomerate and cluster together in the fabrication process [5, [9] [10] [11] , which may limit their effectiveness. The microscopic images, e.g., the scanning electron microscope (SEM) images, are typically used to analyze the distribution of Al 2 O 3 particles and the grain refinement of A206. However, the microscopic images are very expensive and time-consuming to obtain. As a result, the inspection of microstructure based on microscopic images cannot satisfy the quality control needs for the scale-up production of A206-Al 2 O 3 MMNCs. It is highly desirable to develop a simpler and more economical method for the quality control of the fabrication process of A206-Al 2 O 3 MMNCs.
In this paper, we investigate the feasibility of relating the ultrasonic attenuation with the microstructure of A206-Al 2 O 3 MMNCs for the purpose of quality control. Ultrasonic techniques have been widely used for material characterization [12] [13] [14] [15] [16] [17] . In these techniques, ultrasonic velocity and attenuation are two typical indicators used to evaluate microstructures and material properties, such as density, porosity, elastic constant, and grain size. The variation of ultrasonic velocity with frequency is typically very small in solid (<1%) [18] . Therefore, ultrasonic attenuation is used more frequently than the velocity measurement in characterizing solids since it allows a better characterization of the microstructure [19] .
Acoustic attenuation is the decaying rate of the acoustic wave as it propagates through materials. It arises from two loss mechanisms: material absorption and scattering. Material absorption is the conversion of the mechanical energy of the acoustic wave into thermal energy and it usually dominates the acoustic attenuation at low frequencies. Material absorption involves various kinds of mechanisms [18] , including hysteresis absorption, thermoelastic losses, and thermal conduction. Hysteresis absorption is caused by physical relaxation mechanism and it typically occurs in single crystals, amorphous solids, and especially polymers [20] . It is observed to be proportional to the frequency [20, 21] . Thermoelastic absorption is defined as coupling of the thermal and elastic fields created by the propagation of acoustic wave and is present in almost all materials [18] . The acoustic scattering arises at the boundaries between materials, grains, and inclusions with different acoustic properties. The total attenuation coefficient is the sum of the acoustic absorption coefficient and scattering coefficient. In the low frequency range, the absorption losses dominate the attenuation while at high frequencies, the absorption losses are negligible and the attenuation is mainly caused by the scattering losses.
Although considerable work has been done on the relationship between ultrasonic attenuation and material microstructures, most of the studies are focused on the single-phase materials where the scattering is mainly caused by the grains with different orientations. The attenuation of two-phase systems has also been studied where each phase is often modeled as a continuum and the scattering only occurs at the boundary of different phases [19, [22] [23] [24] [25] [26] . These models match well with experimental results for solid or liquid particles in the liquid continuum. While in the two-phase system with both phases are solid, the scattering effects in the grain boundaries of the same phase may dominate in the total attenuation, which makes these models inaccurate. For A206-Al 2 O 3 MMNCs, the attenuation is much more complex since there are three phases, the a-Al base phase, h-Al 2 Cu intermetallic phase and Al 2 O 3 clusters.
In this research, the relationship between the ultrasonic attenuation and the microstructure of A206-Al 2 O 3 MMNCs is investigated through experiments and statistical analysis, which provides a useful guideline for the quality control in the manufacturing of A206-Al 2 O 3 MMNCs. The paper is organized as follows. In Sec. 2, the fabrication of the samples and the ultrasonic attenuation measurement are introduced. Section 3 first presents the microstructures of A206 and its nanocomposites and the morphology modification mechanisms of Al 2 O 3 . Then the relationship between the ultrasonic attenuation and microstructures are discussed in details. The conclusions are presented in Sec. 4.
2 Experimental Procedure 2.1 Sample Preparation. Figure 1 shows the experimental setup for ultrasonic processing before casting of A206-Al 2 O 3 MMNCs. It consists of a resistance heating furnace, an ultrasonic cavitation based processing system (Misonic Sonicator 3000) with a niobium probe of 12.7 mm in diameter and 92 mm in length, a temperature control system and a gas protection system. A graphite crucible with an inner diameter of 88.9 mm and a height of 101.6 mm was used for melting. The ultrasonic probe vibrates with the operating frequency of 20 KHz and power of 4.0 KW. Due to their low density and poor wettability with A206, Al 2 O 3 particles tend to float on the surface of A206 melt. Therefore, the double-capsulate feeding method [8] is used where the Al 2 O 3 particles are wrapped by ultrathin aluminum foils and discharged into the melt.
About 500 g A206 alloy was first melted in the graphite crucible under the protection of argon gas and the temperature was controlled to be at 700 C. Then the ultrasonic cavitation system was turned on and the c-Al 2 O 3 nanoparticles with a diameter of 50 nm were added into the molten melt. After all Al 2 O 3 nanoparticles were added, the ultrasonic cavitation continued for 15 min and then the ultrasonic probe was lifted out of the melt. After that, the molten melt was heated up to 740 C and then poured into a steel permanent mold with a preheated temperature of 400 C. Total five samples were fabricated, as shown in Table 1 . The casted samples were cut and polished to 8.5 cm Â 8.5 cm Â 1.6 cm blocks, as shown in Fig. 2 . Note for sample 4, only mechanical stirring was applied to disperse Al 2 O 3 nanoparticles. Figure 3 illustrates the ultrasonic attenuation measurement process using the spectral ratio analysis technique [27] [28] [29] . The attenuations were measured using the Olympus Epoch 1000 series NDT device with two dual element transducers working in pulse-echo mode: transducer D785-RP with diameter of 6 mm and nominal central frequency of 2.25 MHz, and transducer MTD705 with diameter of 3.8 mm and nominal central frequency of 5 MHz. The transducer was coupled to the largest surface of samples (thickness 1.6 cm) using couplant glycerin with acoustic impedance of 2.42 Â 10 5 g/(cm 2 Ás). The first and the second back wall echoes S 1 ðtÞ and S 2 ðtÞwere extracted from the measured signals using a rectangular window. Note that in Fig. 3 there is a time shift for S 1 t ð Þ and S 2 ðtÞ. The frequency spectra were obtained by performing the fast Fourier transform on the extracted echoes. The spectra S f ð Þ can be expressed as [27, 30, 31 ]
Attenuation Measurement.
where a f ð Þ is the attenuation coefficient, S 0 ðf Þ is the source spectrum, R top and R bottom are the acoustic reflection coefficients for the top surface and bottom surface, respectively, k is the wave number, t is the traveling time, d is the thickness of the sample, and Dðf ; zÞ is the diffraction coefficient [32] . Dðf ; zÞ is given as
where J 0 and J 1 are the cylindrical Bessel functions and s ¼ 2pz=kr 2 with r being the radius of the transducer. Transactions of the ASME
The compressive wave velocity (6320 m/s) for Al material is used to calculate the wave number. The attenuation can be calculated using Eq. (1) as
Note that the unit of the calculated attenuation is Nepers/mm using Eq. (3), which equals 8.686 dB/mm. The reflection coefficient R bottom % 1 and R top can be approximated using the formula [12] 
where Z 1 ¼ 2.42 Â 10 5 g/(cm 2 Á s) and Z 2 ¼ 17.1 Â 10 5 g/(cm 2 Á s) are the acoustic impedances of glycerin and aluminum, respectively. Since the spectrum with large deviation from the central frequency has low accuracy, about À6 dB bandwidth is selected such that only the center 50% of the frequency range is used to calculate the attenuation.
Experimental Results and Analysis

Microstructures and Morphology Modification
Mechanism. Figure 4 shows the micrographs of the pure A206 alloy and A206-1 wt.%Al 2 O 3 nanocomposite in as-cast form taken at random positions of the samples. For the pure A206 alloy, there are large dendritic primary a-Al phases surrounded by continuous h-Al 2 Cu intermetallic phases. These h-Al 2 Cu phases accumulate along the grain boundaries of the primary a-Al phases with the morphology of long continuous network. For the A206-1 wt.% Al 2 O 3 nanocomposites, the morphology of the primary a-Al phases is changed from the large dendritic structures to small equiaxed crystals. Besides, the h-Al 2 Cu phases become thinner and much less continuous. It should be noted that the ultrasonic processing for the pure A206 has almost no influence on the microstructure. Choi et al. [1] found that the average grain size for pure A206 with ultrasonic processing is slightly reduced compared with pure A206 without ultrasonic processing.
The polarized-light micrographs of the pure A206 alloy and A206-1 wt.%Al 2 O 3 MMNCs are shown in Fig. 5 . The average grain size for the primary a-Al phases of the pure A206 is about 160 lm measured using the linear intercept method. Compared with pure A206, the average grain size for A206-1 wt.%Al 2 O 3 is significantly reduced by almost 50%. It indicates that the Al 2 O 3 nanoparticles work as heterogeneous nucleation agents and thus could noticeably reduce the grain size of a-Al and refine the h-Al 2 Cu network.
The mechanisms for the formation of continuous network of the eutectic h-Al 2 Cu phase in the pure A206 and the morphology modification by Al 2 O 3 in A206-Al 2 O 3 nanocomposites are well studied [1, 3, 8, 33] . For the pure A206 alloys, the primary a-Al phases will first nucleate and grow to large dendritic structure in the solidification process. Due to the high supercooling of the hAl 2 Cu phase nucleation, the Cu solute will be pushed out of a-Al phases into the remaining liquid phase and accumulates between dendrite arms and adjacent dendrites. When the Cu content increases to the eutectic composition (33%Cu), the h-Al 2 Cu phase starts to nucleate and grow into a long continuous eutectic microstructure in-between the a-Al dendrites.
For the A206-Al 2 O 3 nanocomposites, the formation mechanism of the eutectic phase is modified with the existence of Al 2 O 3 nanoparticles. Similarly, the Cu solute and the Al 2 O 3 particles are pushed to the remaining liquid in the formation of the primary aAl phases. The concentrated Al 2 O 3 particles have good nucleant potency and could serve as effective nucleation sites for h-Al 2 Cu to nucleate and grow before the remaining liquid reaches the eutectic composition. The depletion of Cu due to the formation of h-Al 2 Cu will, on the other hand, enrich the content of Al around the h-Al 2 Cu phases and thus form a-Al phases to block the growth of long h-Al 2 Cu phases. Therefore, the Al 2 O 3 nanoparticles can effectively refine both a-Al phases and h-Al 2 Cu phases, and thus reduce the hot tearing susceptibility and enhance the material strength and ductility.
Relationship Between the Acoustic Attenuation and Microstructures
3.2.1 Non-uniformity of Acoustic Attenuation. Figure 6 shows the ultrasonic attenuations as functions of frequency measured at 25 randomly selected locations using the transducer D785-RP of 2.25 MHz as nominal frequency for each casted sample. Note that zero-padding is used as a frequency interpolation method in the discrete Fourier transform to increase the number of observations within the selected bandwidth. From this figure we can clearly see that there are large variations for the measured attenuation at each frequency for the first four samples while for sample 5 A206-5%Al 2 O 3 the variation is much lower. Figure 7 shows the ultrasonic attenuation measured at 25 randomly selected locations using the transducer MTD705. Similarly, the variations of the attenuation among different locations are very large for the first four samples, especially the sample A206-5%Al 2 O 3 without ultrasonic processing. While for the sample A206-5%Al 2 O3 with ultrasonic treatment (UT), the attenuation is quite uniform. There are three types of inherited uncertainties in the ultrasonic measurement system itself that may lead to large variation, namely, the couplant thickness between the sample and transducer, the reflection or transmission coefficient due to different coupling conditions, and the electronic noises. To determine if these factors are significant in our experiments, we measured the attenuation of sample 2 at 10 randomly selected locations with each location measured 10 times. The results are shown in Fig. 8 . From the results we can clearly see that the variation of the attenuation at the same location is negligible compared with the variation across different measurement locations. It indicates that the large nonuniformity of the attenuation is mainly due to the variation in microstructures of the samples.
This nonuniformity of ultrasonic attenuation is quite similar to the phenomenon of large anisotropies of the acoustic backscattering found in titanium alloys [34] [35] [36] [37] . In these alloys (e.g., Ti6242, Ti-6Al-4V [38] [39] [40] ), there exist microtextures or colonies of crystallites sharing a common crystallographic orientation over a long range. The formation of long microtextures due to the preference of certain orientations directly results in the plastic anisotropy and thus large inhomogeneities of the backscattering or ultrasonic attenuation along different acoustic paths. For example, Mukhopadhyay et al. [36] measured the nonlinear ultrasonic (NLU) parameters at different locations of b heat treated near a titanium alloys under different cooling rates. The slow cooling rate tends to produce microtexture structures while fast cooling rate results in fine acicular a structure with random orientation in the primary b phase. Their results showed that the variance of NLU parameter was significant for the specimen with slowest cooling rate and the variance decreased with increasing cooling rate.
The nonuniformity of the acoustic attenuation in A206/ A206-Al 2 O 3 can be explained in a similar way. Three main sources may cause the nonuniformity of attenuation: the primary a-Al phase, the h-Al 2 Cu phase, and the cluster of Al 2 O 3 nanoparticles in the A206-Al 2 O 3 MMNCs. In the pure A206 with/without ultrasonic processing, the primary a-Al phase exhibits large dendritic structures with grain size up to several hundred micrometers, as shown in Figs. 4 and 5. Typically the orientations of these dendrites are not randomly distributed due to the preference of certain crystalline orientations, e.g., the heat flow direction, in different locations. Besides, the h-Al 2 Cu phase along the grain boundaries exists in the morphology of long continuous network. The interfaces between the a-Al phase and the h-Al 2 Cu phase are quite anisotropic along different acoustic paths. Since the difference of acoustic properties between a-Al and h-Al 2 Cu are much more significant than that between a-Al grains with different orientations, the acoustic nonuniformity is mainly caused by the h-Al 2 Cu network.
For the A206-5%Al 2 O 3 nanocomposites with ultrasonic processing, due to the enhanced nucleation by evenly distributed Al 2 O 3 nanoparticles, both the grain size of the primary phase and the long continuous h-Al 2 Cu phase are significantly reduced, which makes the material much more isotropic. Figure 9 shows the optical micrographs of the A206-5 wt.%Al 2 O 3 nanocomposites with ultrasonic processing, from which we can clearly see that the h-Al 2 Cu network is totally broken and the boundaries of the primary phase are much more difficult to recognize.
For the A206-5 wt.% Al 2 O 3 nanocomposites without ultrasonic processing, the Al 2 O 3 particles agglomerate together and form big clusters (Fig. 10) , which could significantly reduce their effectiveness in refining grain sizes. Besides, without ultrasonic processing, the Al 2 O 3 nanoparticles or clusters may not be evenly distributed in the nanocomposites, which may make the material even more anisotropic. For the A206-1%Al 2 O 3 nanocomposites, there still exists long h-Al 2 Cu phase, though less continuous and thinner. Therefore the nonuniformity is still notable compared with A206-5 wt.% Al 2 O 3 nanocomposites. 
Quantification of the Nonuniformity in Ultrasonic
Attenuation. To quantitatively describe the nonuniformity, we use the variance in the ultrasonic attenuation and build a model to estimate it as follows. Denote a ij as the attenuation of the jth location under the frequency f i and it is given as
where l i is the mean attenuation at frequency f i and ij is the attenuation bias for the jth location at frequency f i . Assume that ij follows independent and identically distributed (i.i.d.) normal distribution. ij $ iid Nð0; r 2 Þ. It is reasonable to assume i.i.d. normal distribution since at different measuring locations the attenuation at a specific frequency is random and at a specific location, the attenuation at different frequencies is somehow independent in many cases when the frequency increment is large. The unbiased estimator for the mean l i and variance r 2 can be calculated asl
nðm À 1Þ (7) where n and m are the number of frequencies (no zero-padding) and number of measuring locations at each frequency, respectively. Figure 11 shows the estimated variance of the ultrasonic attenuation measured using these two transducers. It clearly shows that sample 4 (A206 þ 5%Al 2 O 3 , no ultrasonic processing) has the highest variances while sample 5 (A206 þ 5%Al 2 O 3 , ultrasonic processing) has the lowest variances for both transducers. Sample 3 has the second lowest variance of the attenuation. It is consistent with the discussion above that sample 5 has the most uniform structure and it is followed by sample 3. For sample 4, due to the clusters, the microstructure becomes the most inhomogeneous. In addition, the variances for the first three samples in Fig. 11(a) are much lower than in Fig. 11(b) , indicating that at low frequencies, the ultrasonic attenuation is more isotropic. This result is similar to Han's theoretical result [35] that at high frequencies, the backscattering is much more anisotropic. For sample 1 and sample 2, there is almost no difference in the variance in Fig. 11(a) and the former is a little lower than the latter in Fig. 11(b) .
From the discussion above we know that the nonuniformity of the acoustic attenuation can provide insight on the microstructures of A206/A206-Al 2 O 3 nanocomposites. When there exist long continuous intermetallic phase and large dendrites, the variance is significant. Therefore, in the scale-up production, the estimated variance can be used as an indicator to inspect the quality of A206-Al 2 O 3 nanocomposites.
Specifically, suppose we have a good sample with evenly distributed Al 2 O 3 and well refined microstructures, and a target sample to be inspected. We can construct a hypothesis test based on the estimated variances as follows. The null hypothesis (H 0 ) and the alternative hypothesis (H 1 ) are defined as 
where n i and m i are the number of frequencies and number of measuring locations for good sample (i ¼ 1) and the target sample (i ¼ 2). The test statistic is defined as
The critical value for the test with significance level a 0 (upper bound of type I error, typically select 0.05) is given as
In practice, 1 wt.% Al 2 O 3 nanoparticles are sufficient to improve the A206-Al 2 O 3 nanocomposites to reach the desired material properties [1, 8] . Suppose we select sample 3 as the reference sample with acceptable properties. n 1 ¼ n 2 ¼ 3 and (10) is specifically related to the selected frequency range and the number of measuring locations.
Frequency Dependency of Acoustic Attenuation.
Besides the attenuation variance, the mean attenuation also highly depends on the microstructures and it is also used to characterize the microstructures. In this section, the frequency dependency of the attenuation for both absorption and scattering mechanisms was first introduced and then used to interpret the experimental results.
As mentioned in Sec. 1, the attenuation can be split into two parts, the absorption loss and the scattering loss. The main absorption mechanisms include the thermoelastic losses and thermal conduction. For the thermoelastic losses can be classified into two types: interparticle and intraparticle thermoelastic absorption. The intraparticle thermoelastic absorption a te1 can be expressed as [18] 
where E S and E T are the elastic moduli under adiabatic and isothermal conditions, respectively, f is the acoustic frequency and f 01 is the frequency of the maximum attenuation given as
where v is the thermal conductivity of the particle and a is the particle size or grain size and C V is the specific heat at constant volume. The interparticle thermoelastic absorption a te2 is given as [18] 
where R a is the anisotropy factor, C P and C V are specific heat at constant pressure and volume. Here f 02 is given as
The thermal conduction absorption a tc has similar dependence on f and can be given as [18] 
where V is the acoustic velocity at the current frequency, V 0 is the velocity at zero frequency, M S and M T are the combinations of the elastic constants under adiabatic and isothermal conditions, and f 03 is the frequency where a tc reaches maximum and it is given as
The scattering coefficient a s depends on the ratio of the grain or inclusion size a to the wavelength k and the functional dependence of scattering losses on frequency can be expressed as [14, 41] 
Typically the scattering is of the Rayleigh type when k > 8 $ 10a [18] . Based on the absorption and scattering equations above, the idealized attenuation coefficient may have the shape shown in Fig. 12 , where there are three regions: the increasing region caused by the absorption loss before f 0 (denoted as region I), the decreasing region after f 0 (region II), and the increasing region dominated by the scattering loss (region III). It will be used to explain the attenuation results of the A206/A206-Al 2 O 3 nanocomposites as follows. Figure 13 shows the average ultrasonic attenuations of these five samples measured using these two selected transducers. In the frequency range of 2-2.5 MHz, the attenuation of the pure A206 with/without UT decreases with increasing frequency, which corresponds to region II in Fig. 12 and indicates that the absorption losses dominate the attenuation in this low frequency range. Similar decreasing trend of attenuation has also been reported on the cement-based materials in the low frequency range [22] . As for the scattering loss, since the wavelength is about 2.5 mm-3.16 mm (wave speed 6320 m/s), there may exist both Rayleigh scattering and stochastic scattering. For both A206-1%Al 2 O 3 and A206-5%Al 2 O 3 nanocomposites with UT, the attenuation increases with frequency. One possible reason is that as the grain size decreases, f 0 increases since f 0 / ð1=a 2 Þ as described in Eqs. (12) and (14) . The frequency range lies in the region I of Fig. 12 and the absorption increases with the increasing of frequency. The attenuation of A206-1%Al 2 O 3 is higher than A206-5%Al 2 O 3 with UT. The possible reason is that a large amount of Al 2 O 3 particles increases the absorption losses. For these two samples, the Rayleigh scattering dominates due to the significant reduction of grain sizes. For A206-5%Al 2 O 3 without UT, the attenuation is much more complex due to the clusters of nanoparticles and the attenuation is essentially flat.
In the frequency range of 4.5-6 MHz, the attenuation for all samples increases with increasing frequencies, as shown in Fig.  13(b) . In this frequency range, the attenuation is dominated by the scattering losses (region III in Fig. 12 ) and the absorption losses may be negligible. The A206-5%Al 2 O 3 with UT has the lowest attenuations while the pure A206 w/o UT have the largest attenuations in the high frequency range. The attenuations of A206-1%Al 2 O 3 with UT and A206-5%Al 2 O 3 without UT lie between the two extreme cases. The results are consistent with what we expected since the attenuations are dominated by the scattering along the grain boundaries at high frequency range and increasing the grain size could increase the scattering effects.
Conclusions and Discussions
In this research, we proposed a new method to evaluate the microstructures of MMNCs using ultrasonic nondestructive detection methods. We have two main findings in this paper: (1) due to the large primary dendrites, long continuous intermetallic phase and unevenly distributed Al 2 O 3 nanoparticles, the acoustic attenuations will be nonuniform at different locations of the same sample of A206-Al 2 O 3 MMNC. As a result, the variance of the acoustic attenuation could be used as an indicator of the microstructure of MMNCs. A statistical hypothesis test based on the estimated variance is constructed and through this test, we can tell the quality of microstructure refinement of the A206-Al 2 O 3 MMNCs. ( 2) The functional form of the average attenuation at different frequencies is also highly related with the microstructures of MMNCs. For the pure A206, the attenuation function decreases with increasing frequencies at low frequency range where the absorption mechanism dominates the attenuation losses.
For the A206-Al 2 O 3 nanocomposites, the average attenuation increases with frequencies in the low frequency range. In the high frequency range, the attenuation curves for all samples have increasing trend and the samples with smaller grain sizes have lower attenuations due to the reduced scattering losses. These results provide useful insight and promising tools on using ultrasonic nondestructive testing techniques to examine the quality of A206-Al 2 O 3 nanocomposites.
There are still some open issues with this research direction. First, the measuring accuracy can be improved by using transducers with wider bandwidth and using immersion method. In addition, the relationship between the ultrasonic attenuation and the grain size can be quantitatively constructed using transducers with higher frequencies. At higher frequencies, the absorption losses could be neglected and the frequency dependence of the ultrasonic attenuation could be mainly determined by Eq. (17) . Second, in the analysis method used in this paper, a summary statistic, the variance, of the attenuation is used to differentiate the microstructure of the MMNCs. Although proven to be effective, the specific functional form of the attenuation function with respect to frequencies contains more information and may provide more quantitative insights to the microstructure of the materials. We will investigate this problem using functional data analysis techniques in the future. 
